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ABSTRACT 
Individuals often perform exercise in the fasted state, but the effects on bone metabolism are 
not currently known. We compared the effect of an overnight fast with feeding a mixed meal 
on the bone metabolic response to treadmill running. Ten, physically-active males aged 28 ± 
4 y (mean ± 1SD) completed two, counterbalanced, 8 d trials. After 3 d on a standardised 
diet, participants performed 60 min of treadmill running at 65% V02max on Day 4 following 
an overnight fast (FAST) or a standardised breakfast (FED). Blood samples were collected at 
baseline, before and during exercise, for 3h after exercise, and on four consecutive follow-up 
days (FU1-FU4). Plasma/serum were analysed for the c-terminal telopeptide region of 
collagen type 1 (P-CTX), n-terminal propeptides of procollagen type 1 (P1NP), osteocalcin 
(OC), bone alkaline phosphatase (bone ALP), parathyroid hormone (PTH), albumin-adjusted 
calcium, phosphate, osteoprotegerin (OPG), Cortisol, leptin and ghrelin. Only the P-CTX 
response was significantly affected by feeding. Pre-exercise concentrations decreased more 
in FED compared with FAST (47% vs 26%, P < 0.001) but increased during exercise in both 
groups and were not significantly different from baseline at 1 h post-exercise. At 3 h 
post-exercise, concentrations were decreased (33%, P < 0.001) from baseline in FAST and 
significantly lower (P < 0.001) than in FED. P1NP and P T H increased, and OC decreased 
during exercise. Bone markers were not significantly different from baseline on FU1-FU4. 
Fasting had only a minor effect on the bone metabolic response to subsequent acute, 
endurance exercise, reducing the duration of the increase in P-CTX during early recovery, but 
having no effect on changes in bone formation markers. The reduced duration of the P-CTX 
response with fasting was not fully explained by changes in PTH, OPQ leptin or ghrelin. 
Key words: fasting; feeding; endurance running; bone resorption; parathyroid hormone. 
1.0 I N T R O D U C T I O N 
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1.1 Feeding, specifically the energy content and macronutrient composition of meals, 
modulates the metabolic responses to prolonged exercise [1]. Provision of carbohydrate 
before and during exercise is essential to maintain glucose availability to the contracting 
skeletal muscle [2-4], whilst fat ingestion [5] or intravenous infusion with fatty acids [6,7] 
stimulates fat oxidation and reduces carbohydrate utilisation, offering potentially beneficial 
adaptations for the endurance athlete or athletic individual. To promote the same response, 
endurance athletes exercise in the fasted state [1], which increases lipolysis in adipose tissue 
and subsequent fat oxidation [8], and promotes an adaptation to fat metabolism. The 
potential for increased fat oxidation, might also make this practice worthy of consideration 
for the purposes of weight management [9]. 
1.2 The adaptations to fuel supply and oxidation with fasting are well studied, however, 
there is little consideration of the effect of these practices on other biological responses to 
exercise and training, including bone metabolism. Fasting attenuates the circadian variation 
in the C-terminal telopeptide region of collagen type 1 (P-CTX), a specific marker of bone 
resorption, while feeding suppresses resting P-CTX within 1 h and, after 2-3 h, 
concentrations are decreased by -50% [10-13]. In contrast, bone formation is largely 
unresponsive to nutrient ingestion [10-12,14]. 
1.3 Prolonged, endurance exercise increases P-CTX [15-19] but again, bone formation 
markers are largely unresponsive [15,16,18,19], suggesting that prolonged exercise might 
result in a transient negative remodelling balance. This acute response may be of significance 
to athletic populations as the net effects of changes in bone resorption and formation have 
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been implicated in both stress fractures [20] and changes in bone mineral density (BMD) 
[21]. Additionally, the acute response of bone markers to exercise has been reported with 
both running [19] and cycling [15], and reduced spinal B M D (running and cycling) and an 
increased incidence of stress fractures (running) have been observed in some groups who 
regularly perform both types of activity [22-26]. 
1.4 Most studies of responses to endurance exercise are conducted after either an 
overnight fast or in the post-absorptive state, but it remains unknown how these practices 
mediate the effects of exercise on bone metabolism. Calcium ingestion has been shown to 
attenuate the increase in P-CTX with subsequent endurance cycling [15] but, to date, only one 
study has compared the effect of fasting and feeding [27]. This study reported no effect of a 
liquid replacement meal on responses to resistance or plyometric exercise, although the 
choice of bone markers was surprising [28], as only tartrate-resistant acid phosphatase 5b 
(TRAP5b), which mainly reflects prevailing osteoclast number [29], and bone alkaline 
phosphatase (ALP), which does not to respond to feeding [14], were measured. The 
exclusion of P-CTX was also surprising, as it is reported to be highly responsive to nutrient 
ingestion [10,11,14]. In addition, bone markers levels are reported to vary between 
individuals who participate in different types of activity [see Ref 30], which might indicate 
that changes in bone markers with acute exercise might also differ with exercise type itself. 
As such, responses to acute endurance exercise cannot necessarily be inferred from studies of 
other forms of physical activity. 
1.5 Several biochemical responses may link feeding, acute exercise and bone metabolism. 
Changes in parathyroid hormone (PTH) might be one such link, with concentrations being 
decreased following nutrient ingestion [13] and increased promptly with endurance exercise 
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[15,19,31]. Similarly, both leptin and ghrelin concentrations change markedly following 
feeding, with ghrelin decreasing [32] and leptin increasing [33], and both respond to exercise 
[34,35]. These hormones both play a role in the regulation of bone metabolism [36,37], and, 
in the case of leptin, might also be involved in a pathway linking bone metabolism and 
energy metabolism homeostasis [38]. 
1.6 Understanding the bone metabolic response to exercise following fasting and feeding 
is important, since the practice of periodic fasting, be it for training, health or indeed cultural 
or religious purposes [39], might influence the risk of skeletal injury and longer-term bone 
health. As such, we aimed to investigate the effect of an overnight fast versus feeding of a 




Ten physically-active men (age: 28 ± 4 y, height: 1.78 ± 0.06 m, body mass: 82.3 ± 6.4 kg, 
maximal rate of oxygen uptake [V02max]: 52.2 ± 6.3 ml-kg^-min"1, mean ± 1SD) were 
studied. Al l participants were in good physical condition, with a history of weight-bearing 
exercise and average to above average levels of fitness. The group was a mixture of team 
sports players and recreational runners, and included one 'club' level runner and one 
recreational mountaineer. Al l participants performed at least bout of endurance running per 
week. Health screening and a medical examination confirmed that participants were non-
smokers, had not suffered a fracture in the previous 12 months, were free from 
musculoskeletal injury and did not suffer from any condition known to affect bone 
metabolism. Additional inclusion criteria were a fasting vitamin D concentration of >30 
nmol-L"1 and/or a fasting P T H concentration of <6.9 pmol-L"1. Al l participants provided 
written informed consent and the study was approved by the QinetiQ Research Ethics 
Committee. 
2.3 Design 
Participants completed two preliminary visits for medical screening, habituation and 
measurement of V02max- They then completed two, counterbalanced, 8 d experimental 
protocols separated by at least one week. On Days 1 to 3 (D1-D3) of each protocol, 
participants refrained from physical activity and ate a prescribed diet. At 10:15 on Day 4 
(D4), participants performed 60 min of treadmill running at 65% V02max after a standardised 
breakfast at 08:15 (FED) or no breakfast (FAST), followed by 3 h recovery. On Days 5 to 8 
(D5-D8) participants continued to follow a controlled diet and refrain from physical activity, 
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and attended the laboratory at 07:45 for follow-up analysis. 
2.4 Pre-Trial Measurements 
2.4.1 Dietary Analysis: Participants completed a three-day food diary (two weekdays, one 
weekend day) to calculate habitual daily energy intake (MJ) and macronutrient composition 
(Microdiet V2, Downlee Systems Limited, UK). 
2.4.2 Assessment of cardiorespiratory responses and aerobic power: To establish the 
association between oxygen uptake (VO2) and running velocity, participants completed a 20 
min submaximal run on a treadmill (XELG 70 ERGO, Woodway, USA), consisting of four, 5 
min stages. Sixty second samples of expired air (inspiration to inspiration) were collected in 
the final minute of each stage. After a 30 min rest, V02max was determined using a 
discontinuous, incremental exercise test to exhaustion using a modified Taylor protocol [40]. 
Participants completed a series of 3 min runs separated by 5 min rest periods. The treadmill 
gradient was increased by 2.5 % with each subsequent stage until volitional exhaustion was 
reached. Sixty second samples of expired air were collected (Douglas bag technique) in the 
final minute of each stage (1 min 45 sec to 2 min 45 sec) and during the final 30 sec of the 
last stage. Heart rate was monitored continuously throughout the test. In addition to 
volitional exhaustion, the criteria for attaining V02max were an increase in oxygen uptake 
(VO2) of less than 0.15 L-min"1 with an increase in exercise intensity, a respiratory exchange 
ratio (RER) of >1.05, a heart rate of 220 - age (± 10 beats-min"1) and a blood lactate 
concentration at 1-2 min post-exercise of > 9 mmol-L"1. The results of the two tests were 
used to estimate the treadmill velocity corresponding to 50% and 65% V02max during flat 
running based on the regression line of VO2 and velocity. 
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2.4.3 Experimental dietary provision: A diet consisting of 55% carbohydrate (CHO), 30% 
fat and 15% protein and isocaloric with habitual diet was designed for each participant. 
Three menus were provided and administered in a three-day cyclic order with menu A on 
Days 1 and 5, menu B on Days 2 and 6, and menu C on Days 3 and 7. During the 
experimental period, with the exception of Day 4, participants provided their own food but 
were given instructions concerning the quantity, preparation and timing of meals. 
2.5 Trial Procedures 
2.5.1 Day 4: Following an overnight fast, participants arrived at 07:30, voided and had their 
nude body mass measured. Subsequently, participants adopted a semi-recumbent position 
and a cannula was inserted into a vein in the forearm, where it remained until after the final 
blood sample. A baseline blood sample was collected at 08:00. In FED, but not FAST, 
participants received a standardised breakfast (2.3 M J , 60% CHO, 32% fat, 8% protein, 116 
mg calcium) at 08:15. 
Exercise bouts commenced at 10:30 and consisted of 60 min of treadmill running at 65% 
V02max- Expired air (for the determination of VO2 and RER and ratings of perceived exertion 
(RPE) were collected at 18, 38 and 58 min. Heart rate was recorded continuously. On 
completion of exercise, nude body mass was measured and participants rested in a semi-
recumbent position on a bed for a further 3 h consuming 1.5 mL of water per gram of body 
mass lost during exercise. Blood samples were collected at identical time points in the two 
conditions; at 08:00 (BASE), 09:00, 09:30, and 10:15 (Pre-exercise; PRE), after 30 (EX30) 
and 60 (EX60) min of exercise, and after 1 h (R1.0), 2 h (R2.0) and 3 h (R3.0) of recovery. 
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Participants consumed a standardised diet (13.2 M J , 53% CHO, 32% fat, 15 % protein, 767 
mg calcium), which was given as four meals (08:15 [the standardised breakfast], 14:30, 17:30 
and 20:00) in FED and as three meals in FAST (14:30, 17:30 and 20:00). Only water was 
allowed after 21:00. 
2.5.2 Days 5 to 8 (FU1-FU4): Participants attended the laboratory at 07:45 following an 
overnight fast, voided, had their nude body mass measured and a blood sample at 08:00. 
Only water was allowed after 21:00 on the days prior to laboratory visits (Day 5-7). 
2.5.3 Metabolic measurements 
Douglas bags were emptied through a flow controller and volume counter and analysed for 
fractions of oxygen (O2) and carbon dioxide (CO2) (Servomex 1400, Sussex, UK). The gas 
analyser was calibrated using certified reference gases (100 % Nitrogen; 16% O2, 5% CO2; 
BOC Gases, Surrey, UK). To allow the conversion of gas volumes from ambient temperature 
and pressure saturated (ATPS) to body temperature and pressure saturated (BTPS), measures 
of air temperature and pressure were also made. 
2.5.4 Treatment and storage of blood samples 
For measurement of P-CTX, n-terminal propeptides of procollagen type 1 (P1NP), N mid-
terminal osteocalcin (OC), osteoprotegerin (OPG) and Cortisol, blood was transferred into 
pre-cooled tubes containing 15%, 0.12 ml of K 3 E EDTA (Becton Dickinson Vacutainer 
System, USA) generating plasma. Tubes were gently inverted 8-10 times and centrifuged 
immediately at 2000 rpm and 5°C for 10 min. Plasma was separated and stored at -70°C 
until analysis. For measurement of bone ALP, PTH, albumin-adjusted calcium (ACa), 
phosphate (PO4), leptin and ghrelin, blood was transferred into pre-cooled standard tubes 
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(Becton Dickinson Vacutainer System, USA) and left to clot at room temperature for 60 min 
generating serum. Tubes were subsequently centrifuged at 2000 rpm and 5°C for 10 min and 
serum was separated and stored at -70°C until analysis. For measurement of glucose and 
lactate, whole blood was transferred into pre-cooled tubes containing fluoride-oxalate 
generating plasma. Tubes were gently inverted 8-10 times and analysed in duplicate 
immediately (Yellow Springs Instruments, 2300 Stat Plus; YSI Inc., Yellow Springs, USA). 
2.5.5 Biochemical Analysis 
P-CTX was measured using an electrochemiluminescent immunoassay (ECLIA) on an 
Elecsys 2010 immunoanalyser (Roche, Lewes, UK). Inter-assay coefficient of variation (CV) 
was <8% from 0.2-1.5 ug-L"1. The assay sensitivity (replicates of the zero standard) was 
0.01 ug-L"1. P1NP was measured by radioimmunoassay (RIA) (Orion Diagnostica, Espoo, 
Finland). Assay sensitivity was 4 ug-L"1 established from precision profiles (22% CV of 
duplicates) and an inter-assay C V of 3.5-5.4% across the concentration range 10-250 ug-L"1. 
N-MTD OC was measured using ECLIA on a Modular Analytics El70 analyser (Roche 
Diagnostics, Lewes, UK). Inter/intra assay CVs were <5% from 2-200 ug-L"1. Assay 
sensitivity (replicates of the zero standard) was 0.6 ug-L"1. Bone A L P was measured using an 
enzyme immunometric assay (EIA) (Metra, Biosystems, Oxford, UK) with a sensitivity of 
0.7U-L"1andaCVof<8% across the range 12-100 U-L"1. Cortisol was measured using 
ECLIA on a Roche Modular E170. The assay has a sensitivity of 8 nmol-L"1 established from 
precision profiles (22% CV of duplicates) and a CV of <6% across the range 16-1750 
nmol-L"1. OPG was measured using a solid phase enzyme linked immunosorbent assay 
(ELISA) that measures free OPG and that complexed with receptor activator of NF-kB ligand 
(RANKL) (IDS Boldon, Tyne and Wear, UK). The assay has a detection limit of 
0.14 pmol-L"1 and inter/intra assay CVs of <10% across the range 1-30 pmol-L"1. 
P T H was measured using an EIA (Nichols Institute, San Juan, Capistrano, CA) with a 
detection limit of 0.5 pmol-L"1 and an inter/intra-assay CV of <5% across the range 1-
40 pmol-L" . Ca (range of measurement in serum of 0.05-5.00 mmol-L" ), albumin (range of 
measurement in serum of 10-70 g-L"1) and PO4 (range of measurement in serum of 0.10-
6.46 mmol-L"1) were measured using standard commercial assays (Roche, Lewes, UK) 
performed on a Roche Modular Analytical System. 25 OH vitamin D 2 and 25 OH vitamin D 3 
were quantified after extraction using straight phase high performance liquid chromatography 
(HPLC) employing 1,5 trans vitamin D 3 as an internal standard. The lower detection limit for 
both 25 OH vitamin D molecules is 2 ng-mL"1 and upper assay limit is 100 ng-mL"1. 
Intra-assay CV is less than 10% and inter-assay C V less than 12% across the concentration 
range 10-40 ng-mL" . 
Leptin was measured using an EIA (IDS Boldon, Tyne and Wear, UK). The assay has a 
sensitivity of 16 ng-mL"1 established from precision profiles (22% CV of duplicates) and a 
C V of <8% across the range 30-500 ng-mL"1. Total (acylated and de-acylated) ghrelin was 
measured using an RIA (Phoenix Pharmaceuticals, Belmont, CA). Inter/intra assay CVs 
were less than 10% across the working range of the assay. Blood glucose and lactate were 
analysed automatically using the Yellow Springs Instruments, 2300 Stat Plus (YSI Ltd, UK). 
Concentrations of analytes were not corrected for changes in plasma volume associated with 
exercise. 
2.5.5 Statistical Analysis 
All data are presented as mean ± 1SD and statistical significance was accepted atP < 0.05. 
Paired samples t-tests were used to compare habitual and experimental dietary data, and 
baseline biochemical data and variables relating to exercise performance in the two 
experimental conditions. Body mass and biochemical data were analysed using a linear, 
mixed model (LMM), with factors 'condition' and 'time point' as fixed effects and 
'participants' as a random, within-group effect. The assumptions of the L M M 
(homogeneity of variance and normality) were investigated by examining the distribution of 
residuals and the pattern of residuals versus fitted values. Where non-normality or non-
constant variance was observed, a transformation was applied to the data so that the 
assumptions were satisfied. Body mass, bone ALP, glucose, ACa and PO4 did not require 
transformation. Normality and homogeneity were achieved following log transformations for 
all other variables. 
Where there was a significant main effect of Time but no significant Condition x Time 
interaction, each subsequent time point was compared against BASE using a pooled mean 
from the two groups using Dunnett's test, with BASE as the 'Control'. When the Condition x 
Time interaction was significant, within each group, each time point was compared against 
BASE using Dunnett's test with BASE as the 'Control' and groups were compared to each 
other at all time points using the Student Newman-Keuls (SNK) test. 
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3.0 RESULTS 
3.1 Baseline biochemical data for the FAST and FED conditions, and a summary of the 
L M M outcomes are shown in Table 1. 
3.2 Dietary analysis and experimental dietary provision 
Compared with habitual intake, experimental diets provided more energy (10.5 ± 2.5 vs 10.2 
±2.8 M J ; P < 0.05), a greater quantity of carbohydrate (CHO) relative to fat-free mass (363 
± 83 vs 337 ± 97 g CHOkg FFM"1 ; P < 0.05) and a smaller quantity of protein (16.0 % vs 
18.7%, P < 0.05), but there were no other significant differences. Body mass did not change 
from Day 4 to Day 8 in either experimental condition (FED, 80.7 ± 8.5 to 80.5 ± 8.6 kg; 
FAST, 81.0 ± 8.5 to 80.5 ± 8.4 kg, P = 0.275). 
3.3 Exercise variables 
There was no difference in VO2, lactate concentrations or RPE between the FED and FAST 
Conditions (Table 2). Heart rate (percentage of maximum heart rate [HRmax]), was lower in 
FAST compared with FED (79 ± 8 vs 84 ± 5%, P < 0.001), as was RER (0.881 ± 0.033 vs 
0.920 ± 0.042, P< 0.001). 
3.4 Glucose and Cortisol 
3.4.1 Glucose: In FED, glucose was increased (P < 0.001) from BASE at 09:00 only (Fig. 
1, Panel A). In FAST, glucose concentrations were not significantly different from BASE 
before or during exercise, but were lower (P < 0.05) at R3.0. Compared with FED, 
concentrations in FAST were lower (P < 0.001) at 09:00 and higher (P < 0.05) at the end of 
exercise. 
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3.4.2 Cortisol: Pooled, mean concentrations were lower than BASE at 09:00 (P < 0.05), 
09:30 (P < 0.001) and PRE (P < 0.001), where they were decreased approximately 30% from 
BASE (Fig. 1, Panel B). Cortisol increased during exercise and was not significantly 
different from BASE at EX30 and EX60. Concentrations decreased thereafter and were 
lower than BASE at Rl.O (P < 0.01), R2.0 (P < 0.001) and R3.0 (P < 0.001), but were not 
different from BASE at FU1-FU4. 
3.5 Bone turnover markers 
3.5.1 p-CTX: In FED, concentrations were lower than BASE at 09:00 (P < 0.05), 09:30 
(P < 0.001) and at PRE (-47%, P < 0.001) (Fig. 2, Panel A). Concentrations increased 
during exercise and by 1 h post-exercise (Rl.O), were not significantly different from BASE, 
having increased 86 ± 40% from PRE. Concentrations were not significantly different from 
BASE thereafter. In FAST, P-CTX concentrations were decreased at PRE (-26%, P < 
0.001), and were higher than in FED at 09:30 and at PRE (P < 0.001). Concentrations 
remained higher than in FED at EX30 (P < 0.001) and EX60 (P < 0.05), but were no longer 
significantly different from FED or BASE at Rl.O (increased 22 ± 18% from PRE). In 
contrast to FED, concentrations subsequently decreased and were lower than BASE at R2.0 
(P < 0.05), and both BASE (-33%, P < 0.001) and FED (P < 0.001) at R3.0. However, as 
with FED, concentrations were not significantly different from BASE at FU1-FU4. 
3.5.2 P1NP: Pooled, mean P1NP concentrations were unchanged prior to exercise, were 
increased by 20% from BASE during exercise (P < 0.001), but were not significantly 
different from BASE at Rl.O (Fig. 2, Panel B). Concentrations were increased (P < 0.05) at 
R3.0, but were not different from BASE at FU1-FU4. 
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3.5.3 OC: Pooled, mean concentrations were significantly lower than BASE at 09:30 and 
PRE (P < 0.01) and remained lower (P < 0.001) at EX30, but then increased and were not 
significantly different from BASE at EX60 or thereafter (Fig. 2, Panel C). 
3.5.4 Bone ALP: There was no effect of either experimental condition on bone ALP 
concentrations (P = 0.222, data not shown). 
3.6 OPG 
Pooled, mean OPG concentrations were unchanged at 09:00 and 09:30, but were significantly 
increased (P < 0.01) from BASE at PRE (FED, 11%; FAST, 33%) (Fig. 3). OPG remained 
increased from BASE during exercise and the first 3 h of recovery (P < 0.001), but 
not at FU1-FU4. 
3.7 Calcium Metabolism 
3.7.1 PTH: Pooled, mean P T H concentrations were lower (P < 0.05) than BASE at 09:00 
but not at 09:30 or PRE (Fig. 4, Panel A). Concentrations increased during exercise and at 
EX60, were 87% and 71% higher (P < 0.001) in FAST and FED compared with BASE. 
P T H was not different from BASE in the first 3 h of recovery, but was higher (P < 0.05) than 
BASE at FU1, although not thereafter. 
3.7.2 ACa: There was no significant effect of either experimental condition on ACa 
concentrations (P = 0.387) (Fig. 4, Panel B). 
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3.7.3 P04: Pooled, mean P0 4 concentrations were lower (P < 0.01) than BASE at 09:30 
and PRE, but increased during exercise and were higher (P < 0.001) than BASE at EX30 and 
at EX60 (27% and 22% from BASE in FED and FAST) (Fig. 4, Panel C). 
Concentrations were not significantly different from BASE at Rl.O or thereafter. 
3.8 Leptin and Ghrelin 
3.8.1 Leptin: Leptin was undetectable in 3 participants. Pooled, mean concentrations were 
unchanged before and during exercise, but were lower than BASE at Rl.O (P < 0.01), R2.0 
(P < 0.05) and R3.0 (P < 0.01) (Fig. 5, Panel A). Concentrations were not significantly 
different from BASE at FU1-FU4. 
3.8.2 Ghrelin: Despite the significant main effect of time, pooled, mean concentrations 
were not significantly different from BASE at any time point (Fig. 5, Panel B). 
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4.0 DISCUSSION 
4.1 Individuals may exercise in the fasted state whether out of choice or for training, 
health, cultural or religious reasons. To date, the effects of exercise on bone metabolism 
have been examined with participants in both fasted and post-absorptive states, which might, 
in part, explain the wide range of responses reported. For these reasons, we compared the 
effects of an overnight fast versus feeding on the bone metabolic response to acute exercise. 
Prior to exercise, feeding reduced P-CTX compared with fasting, but this difference was not 
maintained during exercise, with P-CTX increasing with both feeding (86%) and fasting 
(22%), resulting in similar concentrations at 1 h post-exercise. Only with feeding was this 
increase sustained, however, resulting in lower concentrations with fasting at 3 h post-
exercise, although not thereafter. With no difference in changes in markers of bone 
formation, fasting appeared to have only a minor effect on bone turnover with acute exercise. 
These results are, however, suggestive of a novel interaction between feeding, exercise and 
bone resorption that warrants further study. These findings also suggest that pre-exercise 
nutritional status and the timing of the baseline sample might be important factors in the 
interpretation of the effects of acute, endurance exercise on P-CTX. 
4.2 Similar to previous studies [10,14], we showed an effect of a single meal on resting P-
CTX. Calcium ingestion also decreases resting P-CTX [41,42], although the mechanism for 
this effect is different, since changes in P T H do not explain the reduction in P-CTX following 
macronutrient ingestion [13]. Our meal contained 116 mg of calcium so we cannot exclude 
an effect on resting P-CTX, although this was only one third of the quantity (344 mg) shown 
to suppress both P T H and P-CTX [41] and we showed no significant effect of feeding on 
PTH. This is in contrast to Rogers et al. [27], although their liquid replacement meal 
contained 500 mg of calcium, which would be sufficient to decrease P-CTX and P T H 
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[41,42], making it difficult to directly link the effects of feeding itself to subsequent changes 
with exercise. 
4.3 In the current study, P T H increased before P-CTX during exercise, suggesting that 
changes in P T H might partly mediate the P-CTX response. The relative increase in P T H in 
our study (70-90%) was similar to that shown during exercise with calcium ingestion [15], 
where there was no increase in P-CTX. However, peak P T H (7.5 pmol-L"1) was higher than 
reported by Guillemant et al. [15], with (3.8 pmol-L"1) and without (6.6 pmol-L"1) calcium 
ingestion, indicating that the increase in P-CTX with exercise might be dependent on absolute 
P T H concentration. It is possible that the failure of a mixed meal to prevent the subsequent 
increase in P-CTX with exercise in FED was the result of the stimulatory effect of P T H on 
P-CTX overriding the effect of feeding. Differences in the P-CTX response between studies 
might also be explained by different ingestion schedules, as Barry et al. [43] report that, 
despite attenuating the P T H response, pre-exercise calcium ingestion alone did not affect the 
increase in P-CTX with exercise. 
4.4 Nutrient ingestion changes the circulating concentrations of intestinal peptides, 
pancreatic beta cell peptides and members of the neuropeptide Y family, which could 
influence bone metabolism [44]. Although not measured in the current study, changes in 
these hormones are unlikely to explain the more sustained increase in P-CTX in FED, as their 
responses to feeding favour decreased bone resorption [11,12]. In addition, the available 
evidence relating to the responses of these hormones to exercise, suggests either no change 
[45] or a similar direction of change to that with feeding [46,47]. Changes in Cortisol, PTH, 
leptin and ghrelin were also not significantly different between the two conditions. 
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4.5 No effect of feeding on OC is consistent with previous studies [10-12], although 
others report decreases following the ingestion of glucose [13] or a meal [14]. Similar 
decreases in PINP occur after a meal [14] and glucose [13] ingestion, which may explain 
why PINP was approximately 10% lower in FED at 10:15. Consistent with a previous study 
[48], OC increased during exercise in FED and FAST despite increased Cortisol, which has 
been associated with a decrease in OC at rest [48,49], suggesting that changes in OC during 
exercise are not mediated by Cortisol. Although PINP is unchanged with walking [50] and 
cycling [51], the transient increase in PINP during running also confirms previous findings 
[31]. Whether increased PINP reflects an increase in type 1 collagen formation in bone is 
unclear, since PINP is also up-regulated in muscle [52] and tendon [53] with exercise. 
Clearance rates might contribute to changes during exercise, with slower clearance of the 
larger PINP molecule by the liver [54] compared with the smaller OC molecule by the 
kidney. However, only a brief period of loading is required for an osteogenic response [55], 
so it is possible that increased PINP does reflect bone formation. Bone resorption is 
expected to precede bone formation, although we have shown the opposite. This might be 
explained by exercise initiating the osteogenic response, with PINP reflecting the formation, 
and P-CTX the degradation of the collagen matrix, and the subsequent bone resorption being 
initiated by osteoclasts via R A N K L signalling from osteoblasts. 
4.6 We showed no effect of feeding on OPG, but others report decreases following 
glucose ingestion [56], although this is likely due to hyperinsulinemia rather than 
hyperglycaemia itself [57]. Thus, glucose might be a more potent suppressor of OPG. 
Increased OPG has been reported with running [17,19,31,58], but in the present study, OPG 
was increased before exercise and remained so into recovery, suggesting that OPG was not 
related to the different P-CTX responses. If R A N K L were to increase, a greater relative 
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increase in P-CTX could result. However, R A N K L is undetectable in at least 50% of healthy 
adult controls [59], meaning that information relating to the true R A N K L response to 
exercise is unavailable. 
4.7 With similar changes in bone formation markers, but differing P-CTX responses, our 
data indicates distinctive changes in bone metabolism with exercise following feeding and 
fasting. The more prolonged increase in P-CTX in FED might suggest a less favourable 
response to exercise. Alternatively, we cannot rule out the possibility that the increase in P-
C T X with acute running is actually the early phase of a PTH-mediated, longer-term anabolic 
response [60], which went undetected in bone formation markers due to a short follow-up 
period. The significance of this difference in P-CTX responses is uncertain, however, as it 
was short lived and no longer evident the following morning or up to 4 d post-exercise. 
4.8 Participants exercised for 60 min at 65% V02max, which is representative of daily 
exercise undertaken by many individuals and by those who exercise as part of their 
occupation (e.g. military recruits). Previously, we [19] have shown that exhaustive running 
in the fasted state increases bone resorption from 1-4 d post-exercise although, as in the 
present investigation, a further study [31] suggested no effect of more moderate (60 min of 
running at up to 75% V02max) exercise over the same period. As such, whilst the current 
study suggests that fasting does not affect the response of bone to exercise of moderate 
intensity and duration, how this practice affects more prolonged and strenuous exercise 
remains unknown. Thus, future studies incorporating longer follow up periods are required to 
better understand the significance of the transient differences in bone metabolism to feeding 
and fasting shown here. In addition, these findings might be particular to endurance running. 
Although, no previous studies have directly compared the response of bone markers to 
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different forms of exercise, basal bone marker levels reportedly vary between sports [30], 
suggesting type-specific responses to exercise. One previous study [27] suggests no effect of 
fasting on responses to plyometric exercise, but different bone markers were measured so 
comparisons cannot be drawn. As such, our findings should be confirmed with different 
types of physical activity. 
4.9 There are several limitations to our study. Firstly, a non-exercising control condition 
was not included in this study, so it is not possible to confirm that observed changes were a 
result of exercise alone and not, in part, due to other factors such as circadian rhythms. 
However, the primary purpose of this study was to establish the impact of fasting prior to 
exercise on the response of bone. As such, in this instance we would consider the FED group 
to represent a control condition (i.e. normal practice) with fasting as the intervention. 
Additionally, should we have included non-exercising controls, for thoroughness, we would 
have to have included two groups: one where participants were fed and one where they 
remained fasted. This would have been beyond the scope of the current investigation due to 
the prohibitive doubling of the cost of biochemical analysis and the time commitment 
required from our volunteers. A further limitation is the prescription of exercise as a 
percentage of V02max- Whilst this method attempted to standardise the cardiovascular 
intensity of exercise, it did not control for the total mechanical strain on bone, which would 
likely have varied markedly between participants due to differences in factors such as bone 
shape and size, body mass and running speed. Although total mechanical strain would have 
been near identical between the two experimental conditions, differences between 
participants may have introduced increased variability into our data. 
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4.10 In conclusion, fasting had only a minor effect on the bone metabolic response to 
subsequent acute, endurance exercise. Prior to exercise, feeding was associated with lower 
P-CTX concentrations, but did not attenuate the increase during subsequent running. Fasting 
had no effect on changes in bone formation markers with exercise, but reduced the duration 
of the increase in P-CTX during early recovery, which was not explained by changes in PTH, 
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FIGURE LEGENDS 
Fig. 1. Glucose (Panel A) and Cortisol (Panel B) concentrations at baseline, before and during 
exercise, during 3 h of recovery, and on 4 follow-up days in the FED (open squares) and 
FAST (filled diamonds) conditions. Values are mean ± 1SD. a FAST different (P < 0.05, 
Student Newman-Keuls test) from F E D ; c FAST different (P < 0.001) from FED. Vertical 
arrow denotes provision of meal in the FED condition; grey box denotes exercise BASE, 
baseline; EX30, 30 min of exercise; EX60, 60 min of exercise; FAST, overnight fast from 
21:00; FED, a standardised breakfast consumed at 08:15; FU1-FU4, follow-up days 1-4; 
PRE, immediately pre-exercise; R1.0-R3.0, 1-3 h of recovery. 
Fig. 2. P-CTX (Panel A), P1NP (Panel B) and OC (Panel C) concentrations, expressed as a 
percentage of baseline, before and during exercise, during 3 h of recovery, and on 4 follow-
up days in the FED (open squares) and FAST (filled diamonds) conditions. Values are mean 
± 1SD. a FAST different (P < 0.05, Student Newman-Keuls test) from F E D ; c FAST 
different (P < 0.001) from FED. Vertical arrow denotes provision of meal in the FED 
condition. Grey box denotes exercise. BASE, baseline; EX30, 30 min of exercise; EX60, 60 
min of exercise; FAST, overnight fast from 21:00; FED, a standardised breakfast consumed 
at 08:15; FU1-FU4, follow-up days 1-4; PRE, immediately pre-exercise; R1.0-R3.0, 1-3 h 
of recovery. 
Fig. 3. OPG concentrations at baseline, before and during exercise, during exercise, during 3 
h of recovery, and on 4 follow-up days in the FED (open squares) and FAST (filled 
diamonds) conditions. Values are mean ± 1SD. Linear Mixed Model Group x Time 
interaction was not significant. Vertical arrow denotes provision of meal in the FED 
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condition; grey box denotes exercise. BASE, baseline; EX30, 30 min of exercise; EX60, 60 
min of exercise; FAST, overnight fast from 21:00; FED, a standardised breakfast consumed 
at 08:15; FU1-FU4, follow-up days 1-4; PRE, immediately pre-exercise; R1.0-R3.0, 1-3 h 
of recovery. 
Fig. 4. P T H (Panel A), ACa (Panel B) and P 0 4 (Panel C) concentrations at baseline (BASE), 
before exercise (0900-PRE), during exercise (EX30), during 3 h of recovery (EX60-R3.0) 
and on 4 follow-up days (FU1-FU4) in the FED (open squares) and FAST (filled diamonds) 
conditions. Values are mean ± 1SD. Linear Mixed Model Group x Time interactions were 
not significant. Vertical arrow denotes provision of meal in the FED condition; grey box 
denotes exercise. ACa, albumin-adjusted calcium; BASE, baseline; EX30, 30 min of 
exercise; EX60, 60 min of exercise; FAST, overnight fast from 21:00; FED, a standardised 
breakfast consumed at 08:15; FU1-FU4, follow-up days 1-4; OPG, osteoprotegerin; PO4, 
phosphate; PRE, immediately pre-exercise; PTH, parathyroid hormone; R1.0-R3.0, 1-3 h of 
recovery. 
Fig. 5. Leptin (Panel A) and ghrelin (Panel B) concentrations at baseline, before and during 
exercise, during 3 h of recovery, and on 4 follow-up days in the FED (open squares) and 
FAST (filled diamonds) conditions. Values are mean ± 1SD. Leptin was undetectable in 3 
participants and analysis was performed on the remaining participants (n = 7). Linear Mixed 
Model Group x Time interactions were not significant. Vertical arrow denotes provision of 
meal in the FED condition; grey box denotes exercise. BASE, baseline; EX30, 30 min of 
exercise; EX60, 60 min of exercise; FAST, overnight fast from 21:00; FED, a standardised 
breakfast consumed at 08:15; FU1-FU4, follow-up days 1-4; PRE, immediately pre-exercise; 
R1.0-R3.0, 1-3 h of recovery. 
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P = 0.222 
P< 0.001 
P< 0.001 








P = 0.140c 
P<0.001c 
P = 0.742c 
P = 0.978c 
-
P = 0.403c 
P = 0.130c 
-
P = 0.680 
P = 0.520c 
P = 0.158c 
All values are mean ± SD. a Statistical analysis was performed using a linear mixed model 
(LMM) with factors 'condition' and 'time point' as fixed effects and 'participants' as a 
random, within-group effect. Student's t-test for paired samples. c Raw values reported but 
data were log transformed to achieve normality before statistical analysis. Leptin was 
undetectable in 3 participants and statistical analysis performed on remaining 7 participants. 
Table 2 
Oxygen uptake (VO2), heart rate (percentage of maximum heart rate, %HRmax), lactate 
concentration, respiratory exchange ratio (RER) and ratings of perceived exertion (RPE) 
during exercise in the FAST and FED conditions. 
Variable 
V0 2 (L-min1) 
Lactate (mmol-L1)* 













0.881 ± 0.033 c 
12 ±2 
* Average of concentrations measured in blood samples drawn after 30 min of exercise (EX30) and immediately 
post exercise (EX60). All values are mean ± SD. c different (P < 0.001, Student's t-test for paired samples) 
from FED. 
